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In the Painleve–Gullstrand (PG) reference frame, the description of elementary particles in the
background of a black hole (BH) is similar to the description of non-relativistic matter falling toward
the BH center. The velocity of the fall depends on the distance to the center, and it surpasses
the speed of light inside the horizon. Another analogy to non-relativistic physics appears in the
description of the massless fermionic particle. Its Hamiltonian inside the BH, when written in the
PG reference frame, is identical to the Hamiltonian of the electronic quasiparticles in type II Weyl
semimetals (WSII) that reside in the vicinity of a type II Weyl point. When these materials are
in the equilibrium state, the type II Weyl point becomes the crossing point of the two pieces of
the Fermi surface called Fermi pockets. It was previously stated that there should be a Fermi
surface inside a black hole in equilibrium. In real materials, type II Weyl points come in pairs, and
the descriptions of the quasiparticles in their vicinities are, to a certain extent, inverse. Namely,
the directions of their velocities are opposite. In line with the mentioned analogy, we propose the
hypothesis that inside the equilibrium BH there exist low-energy excitations moving toward the
exterior of the BH. These excitations are able to escape from the BH, unlike ordinary matter that
falls to its center. The important consequences to the quantum theory of black holes follow.
PACS numbers:
I. INTRODUCTION
In the Painleve–Gullstrand (PG) coordinate frame, the Schwarzschild black hole solution [1, 2] has a form such that
the description of matter resembles the description of liquid motion [3, 4]. Such similar reference frames also apply to
the charged (Reissner–Nordstrom) and to the rotated (Kerr) black holes [5, 6]. The given analogy is realized by the
real motion of a superfluid [7]. In this framework, the semiclassical calculation of Hawking radiation [8] was proposed
for the first time. This calculation was revisited in [9] and discussed later in a number of papers (see, for example, [10–
12]). The interesting feature of the description of the black hole (BH) in the PG reference frame is that states with
vanishing energy form a surface in momentum space. Therefore, in [13], it was hypothesized that in the equilibrium
state in the interior of a black hole, a Fermi surface should appear.
Recently, new materials called Weyl and Dirac semimetals were discovered [14–22]. The dynamics of the low-energy
excitations in these materials is similar to that of the elementary particles in high-energy physics.
In the so-called type II Weyl semimetals (WSII) [23], the dispersion of fermionic quasiparticles [24] has a form similar to
the dispersion of the massless fermions inside a BH in the PG reference frame. This analogy has been discussed in
[25, 26]. According to this scenario, a vacuum is considered as a substance similar to the superfluid component of 3He. In
the first stage, it falls toward the center of the BH. The excitations above this substance (i.e., elementary particles)
are falling as well. Inside the horizon, the velocity of the excitations cannot be directed toward the exterior of the BH.
Therefore, classical particles cannot escape from the BH. Quantum tunneling, however, leads to Hawking radiation
with a thermal spectrum. The falling “vacuum” does not represent an equilibrium. This is why thermalization
leads to the appearance of the true equilibrium. Then, in the Painleve–Gullstrand reference frame, fermions behave
similarly to the quasiparticles a short distance from the type II Weyl point in the WSII [25]. There the Fermi surface
is formed, which is composed of two Fermi pockets. These fermions that reside close to the type II Weyl point move
in a definitive direction and cannot move in the opposite direction. However, for each type II Weyl point, a second
Weyl point appears, and the quasiparticles nearby move to the direction opposite of that of the first Weyl point.
In [27], it was proposed that a similar pattern also occurs inside equilibrium black holes. Namely, the low-energy
excitations near one piece of the Fermi surface move only toward the center of the BH, while the low-energy excitations
near the other piece of the Fermi surface move only toward the exterior of the black hole. This hypothesis has been
illustrated by a particular lattice model, which belongs to a class of the analogue gravity models (for discussion of the
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2analogue gravity models, see, for example, [28] and references therein).
It is worth mentioning, however, that contrary to the models like that of [28], we do not discuss the dynamics
of the gravitational field itself. We only deal with the dynamics of matter in the presence of a fixed gravitational
background and completely neglect the back reaction. This allows us to seriously take into account the analogy with
type II Weyl semimetals while considering the motion of elementary particles. Below, we review the approach of [27]
without specifying the particular toy model. We rely only on the compactness and finiteness of the Fermi surface
formed inside the black hole according to the scenario of [13].
II. DIRAC FERMIONS IN THE BH IN PG REFERENCE FRAME
The Reissner–Nordstrom BH metric in these coordinates is of the form
ds2 = dt2 − (dr− v(r)dt)2 , (1)
where
v = −
1
mP
r
r
√
2M
r
−
Q2
r2
(2)
and, in a certain sense, may be considered as the velocity of a falling substance. We denote by Q the BH charge, by
mp the Plank mass, and by M the BH mass.
Vielbein is in the form
Eµa =
(
1 v
0 1
)
(3)
the inverse matrix to Eµa is
eaµ =
(
1 −v
0 1
)
(4)
and the metric is defined as
gµν = e
a
µe
b
νηab
where ηab = diag (1,−1,−1,−1) is the metric of Minkowski space.
Massless Weyl fermion action is given by
SR,L =
∫
d4xdet−1(E) ψ¯R,L(x)
(
iE00∂t ± iE
k
aτ
a∂k
)
ψR,L(x)
=
∫
d4x ψ¯R,L(x)
(
i∂t −H
R,L(−i∂)
)
ψR,L(x) (5)
where the subscript R (L) marks the right-handed/left-handed fermions, while
HR,L(p) = ±pσ+pv (6)
Adding the mass term and mixing the right-handed and the left-handed fermions,
Sm = −m
∑
R,L
∫
d4xdet−1(E) ψ¯R,L(x)ψL,R(x)
= −m
∫
d4x
∑
R,L
ψ¯R,L(x)ψL,R(x) (7)
we arrive at the description of Dirac fermions. It is worth mentioning that the spin connection does not manifest
itself in this action in the particular case of the considered BH background.
The two horizons are placed at
r+ =
M +
√
M2 −Q2m2P
m2P
(8)
3FIG. 1: Energy of Dirac fermions as a function of momentum in the Painleve–Gullstrand (PG) coordinate frame. The vertical
axis corresponds to energy while the horizontal axis corresponds to momentum. (Left) Inside the horizon of the BH. The states
along the lower line are occupied. There is a piece of this line above zero. The corresponding particles tunnel through the
horizon toward the exterior of the BH. (Right) Outside of the external horizon. Again, the lower branch is occupied, but it
remains completely below zero.
and
r− =
M −
√
M2 −Q2m2P
m2P
(9)
For r > r+, there are ordinary Dirac fermions. At m = 0, the Fermi point appears. Between the two horizons,
r− < r < r+ at m = 0, there is the type II Dirac point, while |v| is larger than light velocity.
For r < r0 =
Q2
2M , velocity v becomes imaginary. We consider this unphysical and suppose that in the final theory,
due to interaction with matter, the dependence of v on r is modified within the BH so that v remains real and vanishes
at r = 0 only. More details about the possible modification of Reissner–Nordstrom geometry at small r may be found
in [5, 29].
III. WHAT IS HAPPENING IF THE EQUILIBRIUM IS ACHIEVED?
In the conventional state of the BH, the “vacuum” may be considered as a substance falling to the center of the
BH. The simplification accepted here is that this substance looks as though the particles do not interact with each
other. Each particle has velocity v(r) (measured in self-time). Locally, in the falling reference frame, space–time is
flat, and the Dirac particles with excitations above that of the vacuum have the dispersion
E(p) = ±
√
p2 +m2.
The lower branch of the spectrum is occupied.
The next step is the consideration of the vacuum as a substance with nontrivial properties. Such an attempt
was made with the q-theory proposed in [30]. However, here we do not rely on this theory and proceed to consider
the falling vacuum as a collection of occupied states corresponding to noninteracting particles. We suppose that,
qualitatively, this description is enough for our purposes.
In the PG coordinate frame, the local dispersion of fermionic particles is
E(p) = ±
√
p2 +m2+vp (10)
At v > 1, the Dirac cone is overtilted. Therefore, there is part of the occupied branch of the spectrum with energies
above zero (see Figure 1). This is why the fermions are able to tunnel from the interior of the BH to its exterior.
This is called Hawking radiation [7, 10, 11, 13].
Locally, the above-mentioned substance falling toward the center of the BH looks like a vacuum in the coordinate
system falling toward the BH center. Globally, this state is not in equilibrium. Next, we must take interactions into
account. They drive the system to the true equilibrium. After thermalization, the system comes to a state with finite
temperature that is composed of the occupied states with energies below zero (defined in the PG reference frame)
and thermal quasiparticles.
At an infinite distance from the BH there are ordinary Dirac fermions. When we approach the BH, the corresponding
Dirac cone is tilted, but there is still a mass gap. At the horizon, the gap disappears. Inside the BH (for r− < r < r+),
the dependence of energy on momentum is given by Equation (10) with |v| > 1. There, the Dirac cone is overtilted.
4FIG. 2: Fermi pockets are presented for the model with Dirac fermions, with m = 0.1 and v = 2. The vertical axis corresponds
to radial momentum while the horizontal axis corresponds to the transversal component of momentum.
Thus, as mentioned above, in the original nonequilibrium state, there is a piece of the branch of the spectrum above
zero that is filled with particles, while there also appears a piece of the branch below zero with vacant states. After
thermalization, vacuum reconstruction occurs: the states below zero are all occupied except for the thermally excited
holes, and the states above zero are all vacant except for the thermally excited particles. As a result, the two pieces
of the Fermi surface are formed, as represented in Figure 2. This pattern is similar to the description of the vicinity
of each type II Weyl point in a type II Weyl semimetal [23]. The analogy becomes complete for the case of vanishing
mass when the two pieces of the Fermi surface touch each other at the Weyl point. These two pieces are called Fermi
pockets. In the presence of low mass, a small distance appears between the Fermi pockets.
The Standard Model (SM) fermions reside within a small area of the point P (0) = 0. Outside of the BH, the values
of energies for momenta sufficiently distant from this point are large. The corresponding states cannot be excited at
low energies. However, inside the BH, the majority of the Fermi surface is situated far from P (0). The corresponding
states are all relevant at low energies. We come to the conclusion that the interior of the BH is to be described by
the ultraviolet completion of the SM, even at low energies.
The particles of the Standard Model fall down to the BH. They pass through the two horizons and enter the region
r < r−. There, according to the pattern of the analytically continued Reissner–Nordstrom geometry, they may enter
a new Universe. We, however, assume that this pattern is to be modified and there is no entrance to any new World
inside the BH. What will then happen to the SM particles that have fallen to the BH?
IV. EXCITATIONS THAT ARE ABLE TO ESCAPE FROM THE BH DIRECTLY, NOT THROUGH
THE TUNNELING MECHANISM
A guess at the last question in the previous section is that the SM particles in the interior of the BH may be
transformed to the excitations of a more general theory than the SM. The next guess is that the latter are able to
move toward the exterior of the outer horizon.
Bearing in mind the analogy to type II Weyl semimetals, let us consider, in more detail, what is happening there
in equilibrium. In [31], a toy model was proposed that reflects the characteristic features of certain real WSII. The
Fermi surface in this toy model is presented in Figure 3. It consists of the two pieces that touch each other at the two
Fermi points. A similar pattern takes place for the type II Weyl semimetal WP2 (Figure 1b of [32]): the two pairs of
the type II Weyl points are connected by two Fermi pockets. Fermionic excitations that reside in the vicinities of the
opposite type II Weyl points move in opposite directions because the gradients of energy (as a function of momenta)
there are directed oppositely (this is illustrated by Figure 4).
In general, a similar situation takes place for other real type II Weyl semimetals. In particular, in γ−MoTe2 (see
Figure 3 of [33]), the pair of type II Weyl points belongs to the common piece of the Fermi surface. However, there
are also extra Fermi pockets that are not common to those type II Weyl points. Moreover, there are separate pieces of
the Fermi surface that are distant from the Weyl points. For each piece of the Fermi surface, there are parts where the
gradients of the dependence of energy on momenta are directed oppositely. Thus, there are low-energy quasiparticles
with opposite directions of velocity.
The central assumption of the present paper about the physics of the interior of a BH is that its description is
similar to that of real type II Weyl semimetals. This is why we suppose that the Fermi surface that appears in the
equilibrium state within the BH interior is closed. Then, there are pieces of the Fermi surface where the velocity of
the quasiparticles is directed toward the exterior of the BH.
The sketch of the proof is as follows. We consider the branch of the spectrum of matter (the dependence of energy
on the z component of momentum) that is represented schematically in Figure 5, left. This pattern corresponds
to the gapped (massive) matter existing far from the BH. This branch of the spectrum may have several minima
5FIG. 3: The typical form of the Fermi surface for a type II Weyl semimetal described by the toy model of [31]. The two Fermi
pockets touch each other at the two type II Weyl points. One Fermi pocket has the topology of a sphere while another has the
topology of a Riemann surface with two handles. The three axes of the figure correspond to the three components of momenta.
FIG. 4: Dispersion of the quasiparticles (energy as a function of momenta kx = k1, kz = k3) in the toy model of [31]. The
vertical axis corresponds to energy, the two horizontal axes correspond to the two components of momenta.
corresponding to several types of particles. Some of those minima may have extremely large values corresponding
to the extra massive matter. Some may have relatively small values representing the ordinary SM matter. (This
complication is illustrated by the toy model of [27].) However, those details do not matter for the pattern of the Fermi
surface formation presented below. We move along axis z toward the center of the BH. At a certain moment, the
gap disappears. This is the position of the horizon (Figure 5, center). Inside the horizon, the considered branch of
the spectrum crosses zero (Figure 5, right). One can see that, at the crossing points, the slopes have opposite signs.
The left crossing point schematically represents the SM excitations, which move only toward the center of the BH.
Correspondingly, the right crossing point represents the excitations moving in the opposite direction.
Additional matter cannot be observed far outside of the BH because of the large energy gap, which is because their
masses are much larger than the masses of the SM particles. However, it may escape from the BH and be observed
in the vicinity of the horizon.
FIG. 5: Spectrum branch for the fermionic quasiparticles. The vertical axis is energy. The horizontal axis schematically
represents the momentum. (Left) Outside of the BH. (Center) At the horizon. (Right) Inside the BH.
6V. CONCLUSIONS
In the present paper, we rely on the description of the black hole in Einstein’s theory of gravity, which enables
the use of the Painleve–Gullstrand reference frame, where the metric has the especially simple form of Equation (1).
Quantum fields may be considered on the same grounds in a similar reference frame for a rotating black hole (given
in [5]). Besides, it would be interesting to consider a similar reference frame and the corresponding dynamics of fields
for the black hole solutions in the massive gravity models (see, for example, [36–38] and references therein). However,
this remains beyond scope of the present paper.
To conclude, the circle of the life of a BH is described as follows. At the beginning of its formation, the BH appears
in a non-equilibrium state. This is the conventional state of a BH accompanied by Hawking radiation. Next, according
to the scenario in [13], the vacuum of the black hole is reconstructed: the black hole arrives at the equilibrium state
with essentially different properties. As mentioned above, we do not know how much time that vacuum reconstruction
requires. Obviously, for a particular BH, this thermalization time should be compared to the time of its existence as
well as to the evaporation time. If it is much larger than both these timescales, then this particular BH never realizes
the equilibrium state. Suppose, however, that this transition does occur.
Then, we explore the analogy between the description of electronic quasiparticles in type II Weyl semimetals and
the description of Dirac fermions inside the BH in the PG reference frame. According to this analogy, the SM
quasiparticles reside in the vicinity of the point P (0) in momentum space. In equilibrium, inside the BH, the Fermi
surface is formed, and there are pieces of this Fermi surface that are situated far from point P (0). The slope of the
energy dispersion close to P (0) inside the BH is such that the quasiparticle velocity is directed toward the center
of the BH. This is why ordinary SM matter cannot escape from the BH without tunneling. On the other hand,
there exist parts of the Fermi surface where the quasiparticle velocity has the opposite direction. The corresponding
quasiparticles inside the BH have small energies and move toward the exterior of the BH. Such low-energy excitations
may escape and exist outside of the horizon.
Strictly speaking, the hypothesis about the interior of the BH proposed above poses more questions than it answers.
In particular, in order to take into account the particles that escape directly from the BH, we are likely to essentially
change BH thermodynamics, which is essentially based on the assumption that nothing escapes from a BH except for
Hawking radiation. It is not clear to what extent the conclusions of BH thermodynamics will survive and to what
extent they are to be corrected. This is to be the subject of a separate study. It is worth mentioning that the pattern
described here implies that only SM matter interacts with gravity in a conventional way. The excitations that escape
from the BH obviously interact with the gravitational field in a different way. This is why it is also not reasonable to
assume that the usual Einstein equations with contributions from all available excitations determine the gravitational
field completely (at least, inside the BH and in its vicinity).
At the same time, we hope that the above-presented scheme may be able to resolve the so-called information paradox
[34, 35]: the information does not disappear in the black hole after its evaporation if, on the way, the equilibrium state
of the black hole is approached, and the mentioned extra massive matter escapes from inside the horizon carrying
the would-be missed information. This conclusion appears very naturally because the BH information paradox
appears within the ranges of the non-regularized quantum field theory (QFT) defined for the BH background. Our
consideration is based on the analogy between the QFT and the electronic structure of solids. The other formulation
of this analogy is the consideration of the QFT on the lattice. Thus, the information paradox is likely to disappear
when the QFT is regularized properly.
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